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Abstract

This paper summavrizes the current status of a continuing project
directed toward the synthesis and characterization of chelating agents
which are specific for actinide ions — egpecially Pu(IV) — using a
biomimetic approach that relies on the observation that Pu(IV) and
Fe(III) has marked similarities that include their biological transport
and distribution in mammals. Since the naturally-occcurring Fe (111}
sequestering agents produced by microbes commonly contain hydroxaméte
and catecholate functional groups, these groups should complex the
actinides very strongly and macrocyclic ligands dncorporating these
moieties are being prepared. We have reported the isolation and
structure analysis of an isostructural series of tetvakis(catecholato)
complexes with the genefal stolchiometry Naé[M<C6H402)4]621 HZO M =
" Th, U, Ce, Hf). These complexes are structural archetypes for the

cavity that must be formed if an actinide-specific sequestering agent
is to conform ideally to the coordipation requirements of the central

4-- .
metal ion. The [M(cat)é] complexes have the D symuetry of the

24

trigonal-~faced dodecahedron. The complexes Th[R@(O)N(O)R have been

jé
prepared where R = isopropgl and R' = t~butyl or neopentyl. The neopentyl
derivative is also relatively close to an idealized D

, ; 2d
°‘t - E’J LLJ\.'\I 1
while the sterically more hindered jisepropyl compound is distorted

dodecahedron,

toward a cubic geometry. The synthesis of a series of 2,3-dihydroxy-
benzoyl amide devivatives of linear and cyclic tetraaza- and diazaalkanes
is reporteae Sulfonation of these chpounds improves the metal comn-
plexation and in vivo removal of plutonium from test andimals. Thesns
results substantially exceed the capabilities of compounds presently used

*for the therapeutic treatment of actinide contamination.
P






With the coumercial development of nuclear reactors, the actinides
have become important industrial elements. A& major concern of the
ﬁuclear industry is the biological hazard associated with nuclear fuels
and their wastes»192 In addition to their chemical toxicity, the high
specific activity of alpha emission exhibited by the cowmon isoto?es of
the transuranium elements make these elements potent carcinogens. -
Unlike orgamic poisons, biological systems are unable to detoxify metal
ions by metabolic dggradatione Instead, unwanted metal ions are
excreted or immobilizedeg Unfortunately, only a small portion of
absorbed tetra- or trivalent actinide is eliminated from a mammalian
body during its lifetime. The remaining actinide is distributed
throughout the body but is especially found fixed in the liver and in

5,7,9-12

the skeleton. While the ability of some metals to do damage is

veduced by immobilization, local hwot spots of radivactivily are
produced by dimmobilized actinides theveby increasing their carcinogenic

properties. Thus removal of the actinides from the body is required

therapy for actinide contamination.

Conventional chelating agents as diethylenetrianinenentancetic
acid, DIPA (Figure 1), vemove nuch of the seoluble actinide preseat in
body fluids, but are alwost totally inefifective in reworing the actinide

after it has left the circulating svstern cr after hydrolvais of thr

. . 1315
metal to form colloidds and polvmers.

The inability of LIPL no cewe
pletely coordinate the tetravalent actinides is shown by the easy forma-

tion of ternary complexes between Th(DTPA) and wany bidentate

\ 16-18 - X
Ligands. The hydrolysis of Th{IV) and U(IV) DTPa complexes ap |
. -5 .
near 8 is explained by the dissociaticn o W fror a coos ariad
19-22

molecule. In addition, the polyaminocarboxylic acids are towic due



to the indiseriminate complexation and removal of many metals of biolog-—
c o s . ; . . 2326 , .
ical dmportance, primarily calcium and zincs. Thus there is a need

for the development of powerful chelating agents highly specific for

tetravalent actinides, particularly plutonium(IV).

While not the most toxic, plutonium is the most likely transuranium
element to be encountered. Plutonium commonly exists in aqueous solu-
tion in cach of the oxidation states from IIT to VI. However, redox
potentials, complexation, and hydrolysis under biological conditions

27,28 It is remarkablé

strongly favor Pu(IV) as the dominant speciess
that there are many similarities between ?u(IV) and Fe(II11) (Table 1).
These range from the similar éharge per ionic~radius ratios for Fe(IIl)
and Pu(IV) (4.6 and 4.2 e/z regpectively) and theixr formétion of highly
insoluble hydroxides to their similar transport properties in manmals.
The majority of soluble Pu(IV) present in body fluids is rapidly bound
by the diron transport'protein transferrin at the site which normaily
binds Fe(III). 1In cells, deposited plutonium is initially bound to the
iron storage protein ferritin and eventually becomes associated with

. , . . 9,29,30
hemosiderin and other long term ironm storage proteins. ~~ ~°

These
similarities of Pu(lV) and Fe(I1I) suggest to us a biomimetic anproach
to the design of Pu(lV) sequestering agents modeled after the very effi-
cient and highly specific iron sequestering agents, siderophores, which
were developed by bacteria and other microovrganisms for obutaining

Fe(I11) from the environmentQBImBB

The siderophores (Figure 2) typically comntain hydroxamate or
catecholate functional groups which are arranged to form an octahedral

cavity the exact size of a ferric ifon. Catechol, 2,3~dihydrow;!

SIS,
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and the hydroxamic acids, N-hydroxyamides, are vory weak acids that ion-
ize to form "hard”’oxygen anions, which bind strongly to strong Lewis
écids such as Fe(I11) and Pu(IV}» Complexation by these groups forms
five-menbered chelate rings, which substantially increases the stability
compared to complexation by lone oxygen anionsag4 That the hydroxamic
acids strongly coordinate tetravalent actinides is supported by the for-
mation constants preseﬁted in Table 2. Due to its higher charge and
str§nger basicity, the catecholate group is expected to form stronger
complexes with the tetravalent actinides than the hydroxamic acids.

Thus our goal has been the incovporation of hydroxamate or catecholate
functional groups into multidentate chelating agents that specifically

encapsulate tetravalent actinides.

The similarity between Fe(III) and the actindide(IV) ions ends with
their c¢oordination numbers. Because of the larger ionic radii of the
actinide dons, their‘preferred coordination number found in complexes
with bidentate chelating agents is eight. Occasionally higherx coord ina-
tion numbers are encountered with very small ligands or by the dincor-

41,42

poration of a solvent molecule. Theoretical calculations indicate

that either the square antiprism (D/l) or the trigonal faced dodeo-
i

cahedron (D?d) is the ecxpected geowetry for an iz

ght coordivate complaen
The coulombic energy differences between these polyhedra (Figure ) is
very small and the preferred geometry is lavgely determined by stervic
requirements and ligand field effects. Cubic coordination lies at
higher energy, but may be stabilized if f-orbital interactious were
important. Another important eight coovdinate polyhedron, the bizavped

trigonal prigm (sz), corresponds to an ¢

A O iauGhL noLon U

transformation pathway between the square antiprism and the



4348 . .
dodecahedron. Az seen in Table 3, all four of the above geometries
are found in eight coordinate complexes of tetravalent actinides with

bidentate ligands. However, the mmmm isomer of the trigonal faced dode-

cahedron is the most prevalent in the solid state.

Actinide Catecholates

A fundamental question dn the design of an actinide specific
sequestering agent 1s the coovrdination number and geometry actually pre-
ferred by the metal ion with a given ligand. The complexes formed by
Th{IV) or U(IV) and catechol, in which the steric vestraints of a macro-
chelate are absent, serve as structural archetypes for designing the
optimum actinide(IV) sequestering agent. Thus the structures of an
isocelectronic, isomorphous series of tetrakis-catecholato salts,
Naé[M(C6H&OZ)4]GZLHZO; M o= Th(IV)? U(IV), Ce(IV), and HE(IV), were
determined by single cyystal X-ray diffraction. Suitable crystals were
isolated from the reaction of the metal chlorides or nitrates and the
disodium salt of catechol in aqueous solution under én inert atmo-

byb

6 5 . . et ; .
sphere. Measurement of magnetic susceptibility and electronic sgpec-

tra of the cerium and uranium counplexes verified the presence of the +4

owidation state.

Tt was somewhat surprising that the strongly oxidizing Ce(iV; Zon

, , 66 . C oo
(ho = +1.70 V) did not react with the catechol dianicwn, & fscile

. 67 , oy . :
reducing agent. The -ability of catechol to coordinate without reluc-

69

, . 6 ! Y
tion of oxidizing ions as Ca(lV), Fe(III), 8 V{Vy), and Mo (111 Y

reflection of its dmpressive coordinating ability. The CalIV) coo”

g o P CCTUCh
QLIS T vl i

was Lound by cyclic voltammerry to urdergo a quasi

[



electron reduction in strongly basic solution i the presence of excess
catechol (Figure 4). Using the Nerﬁst equation71 and the measured
é@tential of the Ce(IV)/(IiI)(catechol)é couple of ~448 mV vs. NHE, the
formation constant of the tetrakis Ce(IV) complex was found to be
greater than the corresponding Ce(IIl) complex by a factor of 10369 con-
sistent with the more acidic character of Ce(IV). This enormous shift
of the redox potential of the Ce(IV)/Ce(II1) couple is dramatic evidence
of the enormous affinity of the catecholate anion for the tetravalent

lanthanides and actinides.

The crystal structure of this isostructural series of catechol com~

]ém dodecahedra, a hydrogen

plexes consists of discrete [M(catechol)é
bonded network of 21 waters of crystéllization and sodium ions, each of
which is bonded to two catecholate oxygens and four water oxygens. Of
the possible eight coordinate polyhedra, only the cube and the dode-
cahedron allow the presence of the crystallographic & axis on which the
metal ion sits. As dépicted in Figure 5 and verified by the shépe
parameters in Table 4, the tetrakis{(catecholato) complexes nearly

display the ideal D molecular symmetry of the mmmn isomer of the
pLay

2d

trigonal~faced dodecahedron.

The synmetry of the dodecahedron, which can be regarded as the
intersection of one elongated and one compressed tetrahedron, allows for
different MmOA and NwOB bond lengths. As seen dn Table 5, the expari-
mental M-~0 bond lengths are equal in the thorium and cerium couploxes.
However, the M—OB boad length is significantly shorter than the MN-0,

£

bond length in the uwranjum and hafniveo complzres. Thae goeh ovzller

ionic radius of the bhafnium pulls the carvecholate ligauls in



sufficiently so that interligand comntacts become significanty the short
oxygen—oxygen distance between A sites of 2.550 %9 nearly 0.3 2 less
than that for the cerium salt, is well within the van der Wsals contact
. . R?Bﬂ,, , . .
distance of 2.8 A, This leogthens the MmOA bond of the hafnium complex
relative to the others. However, since the ionic radius of uranium lies
between those of cerium and thorium it is unlikely that the metal size
explains the distortion in the uranium complex. As all four complexes
are identical in all respects except for the metal ilon, the lengthening
of the MMQA bond in the uranium complex is attributed to a ligand field
effect from the f-electrons. A ligand field of DZd symmetry will split
3 el - , :
the 54 ground term for the 57 configuration of U(IV) into seven lev-

els, two of which are doubly degenerate. The observed temperature-

independent magnetic susceptibility of 870 X 10M6 cgs molm1 is con-

74

- e N O I S YU LA

sistent with a nondegenerate ground staites A Gualilative Cciysial f[ield
treatment of the DZd complex predicts a nondegenerate ground state aris-

ing from either the fyy or fZB metal orbital. Thus from electron
repulsion arguments, one expects the ligand oxygen that is closer to the

z axis, OA9 to interact morve with the filled metal orbital resulting in

the observed lengthening of the MMOA bond.

Actinide Hydroxamates

Ag with the actinide catecholates, we are interested in determining
the optimum structure of actinide hydroxamates for use in the design of
an octadentate actinide sequestering agent. Thus the structures of
tetrakis(N~isopropyl=-3, 3~dimethylbutano- and -2, 2-dimethylpropana)-
hydrozanatothorinm(IV) have been determined by single crystal Sevay dif-

e

. / .
fraction. Keeping the pH as low as possible, these compounds



precipitate upon the addition of an aqueous solution of thorium tetra-
chloride to an acueous solution of the sodium salt of the hydroxamic
acid. The analogous uranium(IV) complexes were prepared similarly under
an inert atmosphere using deaevated solvents. Crystals of Th(inrm‘
N(O)wC(O)—hthu)4 were obtained by slow evaporation of an ether-hexane
solution, while the more soluble Th(iﬂPrmN(O)@C(O)wNeopentyl)A was Ccryse
tallized by slow evaporation from hexane. Only one set of signals,
which were slightly shifted from the uncomplexed ligand, were observed
in the room-temperature 1H«nmr spectra of these complexes in chloroform
solution, establishing the presence of a single isomer. or a fluxional
molecule. In the presence of excess ligand, an average signal was
observed, indicative of rapid ligand exchange. In addition to their
hydrocarbon solubility, the bulky alkyl sﬁbstituents impart other
intreresting properties to these complewes. They melt at 1278 and 114-
7 °¢ and, under a vacuum of lOm3 torr, sublime at 95 and 100 QC, respec-

tively.

The alkyl substituents are also very important in determining the
structures of the thorium hydroxamates. As with the tetracatecholates,
the metal ion in the t-Bu complex sits on a crystallographic % axis 1ime
iting the possible eight coordinate polyhedra to the dodecahedton and
the cube (or tetragonal prism). In order to minimize steric interac-
tions, the t-butyl groups situate themselves on the corner of =
tetrabedron, vesulting in the distorted cubic geometry of the complex
shown in Figure 6. This steric strain also manifests itself in the
C(=0)~C{t~Bu) bond length of 1.547(5) X, which is significantly longer

2 3 76

than 1.506(5) Rg the length norwrally fouund for auw sp -gn’ C-0 Lo

L
t e wAriidl e

Because the hydroxamate anion is an unsymmetrical ligand with most of
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the charge localized on the nitrogen oxygen, the Th-0 bond, 2.357(3) 35

N
is 0.14 & shorter than the TthC bond, 2.492(3) . The average Th~0
bond, 2.425 ﬁ, is very close to the average Th-0 bond found in
[Th(catechol)43am, 2.420 8. The ON»MmOc (or bite) angle observed in the
t~Bu complex of 62532(9)0 is smaller than the value required to success~
fully span an edge of a cube, 70e5309 calculated using a hard-sphere
model. The disparity in Th-0 bond lengths and observed bite angle cause
a distortion towards the gggg~isomer of a trigonal faced dodecahedron
accompanied by a 10.3° twist in the BAAB trapezold (see Figure 4 for
these definitions). As expected theoreticallyég’éé, the more negatively

charged nitrogen oxygens are located at the B sites of the dodecahedron,

but this could also be a steric effect of the t-butyl groups-

The relationship of the cube and the dodecahedron to the coordina~
tion polyhedron of the t-Bu complex is shown in Figure 7 and a detailed
shape parameter analysis is presented in Table 6. The similarity of
this complex to a2 cube is shown by the equal edge lengths of those not
spanned by the ligands, the m and g’ edges, and the dihedral angles, 5,
which are close to 90° about the m and g edges. The a and b edpges are
face diagonals in the cube and the dibhedrail auples ebout these edges
measure the distortion towards the dedecalwiron.  Ateiorg s wolecular

orbital caleculations based cn electronic repulsions in elghi-coord nate

complexes favor the dodecahadron, stevic repulsions ava &

) 43,44
inate,

and the bulky alkyl substitueuvts dirvect the veomatyy of tho
complex towards a cube. TIn addition, sivnce only one hydrozanate oxygon
is charged, the electronic repulsions are diminished. Docause the

Ligands span alternate edges o two sooelicl sowsre oo, fhe o

is best designated as the ssss isouwer of a cube (afrter the designaticns



for a square-antiprism made by Hoard and Silvertonéj) with the overall

symmetry of the 84 point group.

The influence of the t-butyl group in determining structure is
greatly veduced by the introduction of a2 methylene group hetween the
carbonyl garbon and the t-butyl group. Conﬁrary to the previous com-
plex, the neopentyl complex crystallizes in a triclinic space group with
1/2 molecule of hexane per thorium. The structure shown in Figures 8
and 9, is close to the mmmm-dodecahedron found in the tetrakis-

{catecholato)thorium and the majority of other eight-coordinate actinide
complexes with bidentate ligands (Table 3). While the lack of crystal-
lographic symmetry would allow structures other than the dodecahedron
such as the square antiprism or bicapped trigonal prism, the smallest
.dihedral angle is 35.5° which precludes the presence of any square faces
in the éoordination polyhedron (for which & = 0). As seen in Table 6
‘the complex is, however, distorted from an ideal dodecahedron. The bite
of the ligands, which governs the length of the m edges, is smaller than
the length of an ideal dodecahedral m edge. This results in the flat-
tening of the B tetrahedron as e§idenced by the increased angle between

the Th-0_ vector and the pseudo & axis, 8

B , and by the lengthened g

B
edges. The bending of the ligands seen in Figure 8 is due to steric
interactions of molecular packing. As before, the TthN boud (ave =
2.36(2) ﬁ), is shorter than the TthC bond (ave = 2.46(4) R)o There is
no site preference for the charged ouygen as the ON and OC are equally

distributed over the A and B sites of the dodecabedron, vesulting in a

mmum-dodecahedron with Cl symuetry.

The coordination chemistry of uraniuvm(IV) with hydroxzsic scids is
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complicated by the existence of the stable uwranyl don. Uranium tetra-~
chloride is quantitatively oxidized via an oxygen transfer reaction with
two equivalents of N-phenylbenzohydroxamic acid anion (PBHA) in tetrahy~
drofuran (THF)‘to form an uranyl complex and benzanilidee77 When four
equivalents of PBHA were used in the reaction, crystals of
U0201(PBHA)(THF)Z were isolated. With a larger excess of PBHA, a bis
hydroxamate complex was formed. The structure of UOZCMPBHA)(THF)Z9
shown in Figure 10, was determined by ¥X~ray diffraction. The linear
uranyl ion has an average U~0 distance of 1.75(3) gs and is surrounded
by a planar pentagonal array cowmposed of two hydroxamate oxygen atoms, a
chloride ion and two THF oxygens, such that the chloride ilon is opposite
the hydroxamate groups. The distances from the uraniun atom to the

charged hydroxamate oxygens (ave = 2.35(3) X) are slightly shorter than

7o . Ul bond len 2.

to the THF ovygens (ave = 2.45(3) ). The sth

s
bify was el

ARFTHY
SOy 4y

Substituents are known to be important in deteimining the redox

. . . 78-82 . . .
behavior of hydroxamic acids, thus their effect on rthe oxidation of

vranium(IV) was investigated. Reaction of UCL, with benzohydroxamic

4

acid anion leads to the formation of tetvabis{benzohsd:

uranium{IV) as the major product. However, this o

internal redox reaction upon hezting fto dorn an uranyi coupounc act bene

zamide. There was no evidence of oxdidatior~veducting: i ¢

of the tetrakis alkylhydro:

ces described above, au' only slighi

deconposition occured on heating. The internal redox reaction d

by the hydroxamate and uranium(lV) dfons is a chewmical limivation o,

s oy oM v o by £ sy e . P N P . A
Che uge ol nydroxamate grouns Lo an golinics cnac

agent. Mowever this may be avoided by the proper choice of substituenc
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groups.

Actinide Sequestering Apents

The stfuctures determined for the actinide(IV) catecholates and
hydroxamates, as well as with most other ligands, indicate that the
mmmm- isomer of the dodecahedron is the preferred geometry. For maximum
stability énd specificity this geometry should be achieved by the ligat-
ing groups of an optimized sequestering agent that encapsulates the
tetravalent actinide din a cavity with a radius near 2.4 2. Molecular
models showed that this could be accomplished by the attachment of four
2,3~dihydroxybenhzoic acid groups to the nitrogens of a series of cyclic
tetraamines via amide linkages as shown schematically‘in Figure 1l. The
size of the cavity formed is controlled by the ring size of the tetra~
azacycloalkane backbone such that a 16 membered rving appeared most
promising for the actinides. Two tetra-catechol chelating agents were
synthesized, as shown in Figure 12, by the reaction of 2, 3~dioxo-
methylene- or 2,3-=dimethoxybenzoyl chloride with 1,498511~tetraa2a0yciOm
tetradecane or 1,5,9,13~tetraazacyclohexadecane followed by the depro-
tection of the hydroxyl groups with BBrB/CHqu?eS3 Subsequent biological
evaluation in mice showed that these compounds roeduced the depesition of
plutonium into bone and liver. However, they were uwnable to maintain
complexation ol the actinide at low pil and released the plutonivm in the
animals”® kidneysa84 Titrimetric studies of these ligands with tetra-
valent actinides showed that while they sﬁrongly complex actinides, sim-

ple one~to-one complexes are not formed at or below neutral pl.

The pevfornance of a ligand at Lovw ph can be foproied uy dutceasiog
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its acidity, thus veducing the competition with protons. The acidity of
the catechol groups can be increased by the introduction of strongly
électron withdrawing groups on the benzene rings. A more acidic analog
of the above ligands was prepared from 2,3~dimethoxy-5-nitrobenzoic acid
and 1;4,8,11-tetraazacyclotetradecanse. fhe nitro groups converted the
ligand dnto a deadly liver poison and substantially changed its solubil-
ity characteristics such that a large amount of plutonium was found in
the soft tissues of the injected miceeg4 In sharp contrast, sulfonation
improved the water solubility, stability to air oxidation and the affin-
ity for actinidegiv) ions at low pH. Each 2,3~dihydroxybenzoyl group in
the ligands prepared above was monosulfonated regiospecifically at the 5
position by direct reaction with 20-30% 803 in HZSOQ at room tempera-
ture@SS The increased acidity of the sulfonated derivatives prevented
‘Lhe deposition of plutonium in the kidneys of mice without any appreci-

able toxic affects@S4

In order to examine the effect of greater stereochemical freedom,
some tetra=2,3-dihydroxy=5-sulfobenzoyl derivatives of linear tetra-
amines, also shown in Figure 12, have been prepared by similar
L 85 . oy cea s ] -
methods . Maximum stability and specificity towards the actinides, can
be obtained by optimizing the length of the methylens bridees betweon
the amine functionalities. Butylene bridges between the nitrogens of
the linear tetraamines gave better in vivo results Lhan ethyleus or pro-
pylene bridges. Biological studies show that the linear derivatives are
significantly more effective than the cyclic catechoylamides for

o . 84 . . .
actinide removal from mice. In accordance with the trans coanfiguration
of awine hydrogens found in the structure of 1,5,%, 1 ~tetrasrsevoiohoxa~’

6 . . .
decane, adjacent catechoylamide groups are expected to lie om opposite

o0



sides of the macrocycle. While inversion about amides is well known, it
may not be rapid enough in these compoundé‘tc enable coordination of the
éctinide by all four catechol groupée This is supported by titrimetric
data and the fact that the di-2,3~dihydroxy-S-sulfobenzoyldiazaalkanes
and the cyclic derivatives are equally effective in plutoniuvm removal

from mice.

The cétechoylamides were evaluated by the intraperitoneal adminis-
tration to mice (20 to 30 pmole/kg) 1 hour after the injection of 1.5
_pCi/kg of 238Pu(1V) citratesg4 The mice were killed by cervical disloca-
tion 24 hours after the plutonium injection. The effectiveness of the
ligands were ascertained by measuring the plutonium in tissues and
excreta using L X-rays, and the results arée presented in Table 7. The
byl b= or 3,4,3-LICAMS were the most efficient of the catechoylamides
tested, each eliminating about 65% of the injected plutonium from the
vodents. In addition to sequestering the plutonium from body f£luids,
skeletal plutonium was reduced to 22% of the control value at the time
of ligand injection by 3,4,3~LICAMS. Monomeric dimethyl-2,3-dibydroxy-

S5-gulfobenzamide, DiMeCAMS, and 2,3-dihydroxybenzoic acid vemoved very

litgle if any plutonium. Similar results foy 2,3-dihy

s ry e e s g 1Y
ynyenzoy L=

o7
o

glycine were obtained by Bulman and coworkers.

This dramatic difference between the wnig catecho s and Lhe

synthetic tetracatechol couwpounds confirm ocuy original desipn concent

that a wmacrochelate would be effective biologically du Pu vewoval. Of
the sulfonated catechoylamides only the 4,4,4~LICAMS shoved auy tow s
effects in mice., TFor comparison, DTPA, the aoat effaciive copyse:’ - !

chelating agent, wags exanined and found to womove B30 oo .0 fides o
33 o & l
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plutonium. However, the dose~rasponse curve, Fisure 13, shows that
3,4,3~LICAMS is much more effective than DTPA at lower doses - up to a
ﬁwc order of magnitude differenceegg This 1s a good iudication that
endogenous metals are not strongly bound by B,A,BaLiCAMSs while metals
as calcium and zinc bind strongly to DTPA, reducing the amount of ligand
available to complex plutonium. Thus a much larger amount of DTPA is
required to achieve the same effective concentration of a smaller quan-

tity of 3,4,3-LICAMS.

The greater efficacy of plutonium decorporation by 3,4,3-LICAMS
compared to DTPA has also been observed in beaglesegg Beagles were
treated with a single intravenous injection of 30 pmole/kg of eilther
Ca~DTPA or 3,4,3-LICAMS or 30 pmole/kg of both 30 minutes after an

intravenous injection of 0.233 puli zggPu(IV), 0.087 uCi 237Pu(1V) and
M B

0.575 péi 241Am(111) in a citrate buffer. Retention of the radionu-
clides was determined seven days after their injection. Seriocus toxic
effects were seen in the kidneys of all dogs treated with 3,4,3-LICAMS.
Tﬁe dose response curve of Figure 13 would éuggest that smaller doses
should be nearly as effective, and may avoid all toxic effects. As seen
in Table &, 3,4,3-11C3MS removed ahour 86% of the injected plutonivm,
much better than the 704 removed by DIPA. In contrast, DTPA wes much
more effective in awmericium decorporatioa. This is euwpected sincs the
affinity of catechol ligands for Lo(IIT) or 4a(YII) jons is quite low.
The measured ratio of the tetrakis(carecholato)Ce(IV)/Ce(LIl) formation
constants of 1036 is an indication of the decreased affinity of 3,4, 3-

LICAMS for the trivalent actinideso6b
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Summazi

For the first time a class of sequestering agents has been designed
and synthesized for the specific role of complexing plutonium and other
actinide(IV) ions. This has resulted from the combination cf two obser—
vations: (1) That Pu(IV) and Fe(IlIIl} are similar in many respects and
that this similarity extends to the biological transport and distribu~-
tion properties of Pu(lV), which accounts for much of the biological
hazard of this element. (2) That the design of specific sequestering
agents for Fe(IIl) was solved by microbes a few billion years ago with
the production of low molecular-weight chelating agents (siderophores)
that incorporaﬁe chelating groups such as hydroxamilc acids and catechol.
The synthetic macrochelates are designed Sucﬁ that the chelating groups
can form a cavity that gives eight coordination about the metal and the
dodecahedral geometry observed in the unconstrained actinide complexes
composed of monomeric ligands. The most promising actinide sequestering
agents yet prepared (Table 9) are the sulfonated catechoylamide devriva-
tives of linear teiraamines. These compéunds appear to strongly bind
tetravalent actinides, while only weak complexation of trivalent and
divalent metals has been observed. A derivative of tha natural product
spermine, 3,4,3-LICAMS, is the most effective in plutonium resoval st
lower dose concentrations than any other sequestering agent tested to

date.
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Table 1. Similarities of Pu"' and Fe°'.

Charge

Ionic radius

3+

Fe(OH,) ~> Fe™ + 30H

3+

Fe~ + H,0 -» Fe(OH)Z+ +

2

bt

Pu(OH,) = Pu"" + 40U

4t

P 4 1,0 = Pucom)>t 4+

2

W 4
Pu's Grgg < 42
H+
H+

25

Feg{w; = 4@6

-
0.65

K~ 1078

-~
i

0.0009

- o
K~ 107°°

K= 0,031 (in HClOé)

Pu4+ is transported in the blood plasma of mammals as a complex of

. 3+
transferrin, the normal Fe

, 3+
same site as Fe

bt
transport agent. The Pu ' binds at the



Table 2. Formation Constants for Some Actinide(IV) Hydroxamates.

Metal Temp, °c log El log Bz log WB

log B4 Reference

benzohydroxamic acid, Ph~C(0)-N(OH)-H

U(Iv) 25 9.89 18,00 26.32 32.94 35
Th{1V) 25 9,60 19.81 28.76 35
Pu(IV) 25 12.73 35
N-phenylbenzohydroxamic acid, Ph=C(0)-N{O0H)-Ph
Th{(IV) 20 37.70 38
Th{lv) 25 37.80 36
Th{IV) 30 37.76 37
Pu(IV) 22 11.50 21.95 31.81 41.35 39
N-phenylcinnamohydroxamic acid, Ph-C=C~C(0)~N{(O0H)-Ph
Th{1V) %O 12.76 24.70 35.72 45»72‘ 40
“Tlogh = M 1/MM1 11" for the reaction MH +oal -» ML ()

n n 0

26
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Table 3. Geometry of Monomeric Eight-Coordinate Actinide Complexes with

Bidentate Ligands.

Complex , - Metals Tdealized Ref.
' Geometry
c(wM(IV')(acetylacetonate)4 Th,U,Ce hlhlpzpszTP 49,50
EsM(Iﬁ)(acetylacetonate)é" Th,U,Np,Ce ssss~SA 49,51
M(bipyridyl)é U ssss~Cube 52
M(IV)(di‘benzoylmethanate)4 Th,U,Ce mminm=-DD 61
M(IV)(NgNadiethyldithiocarbamate)4 Th mminm=DD 50,53
[M(III) (N,N-diethyldithiocarbamate) 4]“ Np mmmm=~DD 54
M(IV)(diisobutrylmethanate)4 ﬁ BTP 55
M(TV)(hevaflvﬁ?oacefonylpyrazoliﬂe)é Th U mramme-DD 57
{M(III)(hexafluoroacetylacetonate)é]” Am, Y, Eu ggeg-DD 56
M(IV)(salicylaldehydate)é . . Th,U . mmmm=DD 58
M(IV)(thenoyltrifluofoacetylacetonate)4 Th,U,Pu,Ce mumn=DD 59,60

A, m . , , . .

PTP = bicapped trigonal prism, DD = trigonasl faced dodecaledron, SA =
square antiprism. The isower notation is taken from relercnces 43 aud
46 and corresponds to the edges labelled in Figure 3.

b, ) . . N ,
Thorium{trifluoroacetylacetonate), was orviganally descrvibed as a

4
111154 (ref. 62), but a rainvestigation establizhed ros oresegvees ~7 2

coordinated water molecule forming a nine-coordinate curplex (ref. L03).
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Table 4. . Shape Parameters’ (deg.) for [M(OZC6H4)4]4*9 M = Hf, Ce, U,

Th, Complexes.

Metal SA QB ¢ 5

Th 37.9 75:4 3.6 31.3
U 37.1 75.2 3°C 31.1
Ce 36.8 4.9 2.1 32.0
HE 35.2 73.3 0.4 32.2
Dodecahedronb 36.9 69.5 0.0 29.5
Cube” 54,7 54.7 0.0 0.0

a s
See references 43 and 47 for definitions of shape parameters.

bCalculated using the Hard Sphere Model.
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Table 5. Structural Parameters for Naé[M(OZCGHA)AJQZLHZO Complexes.

Metal ;ion;c w-0,, & u-0,, & 0,-0,, & oA-aMmoB; deg
ad ius, .

Th 1.05 2.421(3)  2.418(3)  2.972(6) 66.8(1)

U 1.00 2.389(4)  2.362(4)  2.883(7) 67.7(1)

Ce 0.97 2.362(4)  2.357(4)  2.831(7) 68.3(1)

i 0.83 2.22003)  2.i94(3)  2.554(5) 7i.5(1)

‘aReference 72



Table 6. Shape

Parameters® for Th(imPrmN(O)«C(O)sR)éa

Parameter R = thutylb R = Naopentyl Dodecahedron® Cube®
¢ 10.3 1.1,10.1 0;0 0.0
6a 33.2 67.6,70.2 51.3 0.0
Sb 11.3 35:5,36:5,41.5,48.4 29.5 0.0
6 80.5 42:3,45.4,46.9,51.0 62.5 90.0
g 54.0,55.6,58.9,62.7
Sg, 69.3 62.5 90.0
5 87.9 7002,76.2,79+7,85.5 51.3 90.0
QA 44,5 32.9,33.6,35.3,38.8 36.9 5447
@B 60.0 78.8,82.4,84.0,84.4 69.5 54.7
MwOA/rd 1.06 0:96,0.97,0.99,1.02 1.00 1.00
alr 1.48 1.11,1.16 1.20 1.63
b/x 1.58 1632;1336,194191.60 1.50 1.63
glt 1.07 1423,1.27,1.29,1.32 1.20 1.16
1.34,1.37,1.39,1.40
g’ /x 1.26 1.20 1.16
w/t 1.27 1.03,1.04, 1.04, 1. 04 1.20 1.16
“The shape parameters ave defined in references 43 and 47, ¢ 18 the

twist in the BAAR trapezoid, ¢ is the argle betwzen oo tha

the principal axis, &

edge

is the dihedral sngice bobtween tha [acoes

taining the edge as labeled in Figure 3.

b o . . +
The dodecahedral g edges are divided inte edges spannad by

and those which are not, designated g and g’ respectively.

“Caleulated using the Hard Sphere Model.

d

Y = average MwOB distence.

vachor and

JORE 0§ hd

Tidzrads
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Table 7. Effect of Tetrameric Catechoylamides on the Distribution of

238, (1) in Mice.?

Percent Absorbed Doseb

Compound Liver  Skeleton Soft GI Kidneys Whole
Tissue Tract Body
3, 4, 3-LICAMS 22(9) 7(1) 1.8(3) 3.3 1.2 35.4
b, b, b=TICAMS 25(6) 8(1) 3.0(8) 3.0 1.5 40.7
3,3, 3-LICAMS 41(6) 9(1) 2.8(2) 3.3 1.0 55.9
by 3, 4-LICAMS 30(6) 11(2) 3.7(6) 4e3 7.5 5606
2,3, 3, 3-CYCAMS 30(7) 18(2) 7(1) be7 440 614
2,3,2-LICAMS -~ 26(3) 13¢1) 12(1) 8.1 3.9 63.0
3,3, 3, 3-CYCAMS 32(4) 14(1) 10(2) he7 be7 6407
3,3,3,3-CYCAY 23(7) 18(4) 3(1) 3.6 4049 88.9
3,2,3,2-CYCAM-NO,  37(8) 8(1) 26(4) 16.3 6.0 92.8
| CaNa ,DTPA 17(4) 11(1) 3(1) 5.2 0.5  36.7
Desferrioxamine 236)  20(2) 4(1) 42 1.6 52.2
DiMeCAMS 49(7) 30(7) 7(1) 5.9 1.5 93.6
DBHAS 50(5) 31(6) 8(2) 6.7 1.5 96,5
1 hr Control 30(5)  23(2)  22(2) 12.3 3.4 Ci00
24 hr Control S1(7)  31(6) 5.1(8) 4.6 2.6 63.9

ALY S . O AR R LR g A8 B

a : . o o
Ligands were administered 1 hour and the micc wore killed 24 bowws
. . 238 .
after injection of Pu(1IV) citrates.
Five mice per group except for 4,4, 4-LICAMS (10 wmice), 1 hour conviol

(7 mice) and 24 hour control {34 wice)s

C ) . : ,
2, 3-Dihydroxybonzoic sadd.
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Table 8. Effect of 3,4,3-LICAMS on Plutonium Retention in Beaglesaa

Percent Injected Doseb

Whole Body Liver Non~liver
Control 20 35 : 55
LICAMS 13.7 6;3 7.4
DTPA 29.7 9.9 19.8
DTPA + LICAMS 116 4o 6.7

aLigands were administered 30 minutes and the dogs were killed 7 days
after injection of the radionuclides.
bTWo dogs per group, except that the control values were taken from

references 90~92.



Table 9. Summary of

Catéechoylamides.
Cyclic.

3,3,3,3~CYCAM

3,2,3, 2-CYCAM-NO,
'3,3,3,3-CYCAMS |

>
2,3,3,3=-CYCAMS J

Linear

2,3, 2-LICAMS
3,3, 3-LICAMS |
4,3, 3-LICAMS j
by 4, h=LICAMS
3,4, 3-LICAMS

Actinide Sequestering Properties of Tetrameric

Mobilizes Pu but deposits it in kidneys

Very toxic
Sulfonation increases acidity and solubility,

prevents Pug deposition in kidneys

Least effective of linear compounds
Longer chain length, slight improvement,
still not very effective

Slightly toxic ] Longer central bridge

>
Derivative of spermine J gives optimum geometyry

(a natural product)

Less constrained linear structures are superilor to corvesvonding cyclic

compounds.



Figure 1.

Figure 2o

Figure 3.

Figure 4o

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.
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Figure Captions
Diethylenetriaminepentaacetic acid (DIPA).
Representative siderophores.

Eight Coordinate polyhedra. The principal axes are verti-

cal. Edge labels are taken from references 43 and 46.

, few
Cyclic voltammogram of ZCG(OZC6H4)4]

catechol aqueous solution, on a hanging mercury drop elec-

in 5 M NaOH, 1M

trode, at 100 mV/sec scan rate.

The'[M(catechol)éjém (M= HEf, Ce, Th, U) aniocn viewed along
the mirror plane with the % axis vertical. The dodecahedral

A and B sites are shown.

Th(imPrvS(O)=C(O)»=t~Bu)4 viewed down the & axis. In this
Figure and in Figure 8, the substituent carbon atoms are
drawn at 1/5 scale, the hydrogen atoms are omitted for clar-

ity, and the nitrogen and nitrogen oxygen atoms are shaded.

The coordination polyhedron of Th{d=Pr=N{0)}~C{0)~t-Bu)}, com-

4

pared to a cube and i dodecahedron.
’l‘h(inx:’w‘Efl‘(0)mC(())wNeopex‘xtyl)‘,é vieved down the pseudo & axis.

Schematic structure of Th(inrmN(0)~C(O)wNeopentyl)4

emphasizing its relationship to a dod eccahedron.



Figure 10.

Figure 11,

Figure 12,
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Molecular structure of U0261(PBHA)(THF)29

Schematic structure of the tetracatechol actinide sequester-

ing agents from a biomimetic approach based on Enterobactin.

Ceneral synthesis and structure of catechoylamides. The
cyclie catechoylamides, in which R = (CHZ)p are abbreviated
as nym,p,m=CYCAM. The sulfonated and the analogous nitro

derivatives are indicated by ngmsp;meYCAMS and

vngm,p,mmCYCAMmNOZ respectively. The linear sulfonated

catechoylamides are abbreviated as wm,n,m-LICAMS. A prefix

is added to indicate terminal N substituentse.
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Cube Dodecahedron
D2y

Sguare Antiprism Bicapped Trigonal Prism
D4g Cay
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CEM + o catd” e M(caT) N-8 (=3, )

LﬂG(&jKQ = 36

\ - K,
\ Er - Eo = 229 o6 K§

£, = -0.692 V vs SCE
(-0.448 V vs NHE)

CEUN/CeIID)

g = 41.70 V vs NHE
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